Cryopreservation causes osmotic changes and oxidative damage that have sublethal and lethal effects on spermatozoa. We examined these osmotic and oxidative effects on common carp spermatozoa motility; membrane integrity; levels of thiobarbituric-acid-reactive substance (TBARS) and carbonyl groups (CP); and the activity of superoxide dismutase (SOD), glutathione reductase, and glutathione peroxidase (GPx). Sperm was diluted in dimethyl sulfoxide (DMSO) and ethylene glycolbased extenders, followed by equilibration, freezing, and thawing. Equilibration in DMSO extender resulted in a significant reduction of spermatozoa motility, but motility was induced in those spermatozoa following dilution with saline buffer, which usually inhibits undiluted spermatozoa motility. Spermatozoa velocity and membrane integrity decreased with both extenders following freezing and thawing. No significant difference in levels of TBARS or CP, or in SOD activity, was seen in samples equilibrated with either extender. The freeze/thaw process induced significantly higher levels of TBARS, CP, and GPx activity, but did not affect the level of SOD. Glutathione reductase activity was inhibited in samples exposed to DMSO extender. Ethylene glycol should be considered a preferred cryoprotective agent for common carp spermatozoa to reduce osmotic and oxidative stress during cryopreservation.
INTRODUCTION
Cryopreservation of fish sperm is an important tool for conservation of biodiversity (genbanks of autochthonous populations), efficient and selective fertilization (maintaining genetic variability of brood stocks for restocking), and for synchronization of artificial reproduction [1] . However, cryopreservation causes irreversible cell damage, resulting in a significant reduction in viable spermatozoa [2, 3] . Multiple nonphysiological processes, such as osmotic and oxidative stress, are crucial factors in spermatozoa cryodamage [2] .
Freezing of cells in suspension induces ice nucleation in the extracellular space, creating an osmotic gradient across the plasma membrane between the initially isotonic intracellular solution and the freeze-concentrated extracellular solution [4] . Similarly, cells that undergo a severe loss of intracellular water are rendered osmotically inactive because of extended exposure to high solute concentrations [5] . In response to the developing hyperosmolal environment, cells lose water and shrink until the intracellular and extracellular solute concentrations equilibrate. In fish, dimethyl sulfoxide (DMSO) is a widely used cryoprotective agent (CPA), which is effective in nearly all fish species tested [6, 7] , whereas methanol (ME) and ethylene glycol (EG) are effective in a small number of fish species [8] . Exposure to CPA, even without freezing, can cause extreme fluctuations in cell volume, which can subsequently lead to cell damage or render the cell more susceptible to cryodamage, even during subsequent cooling and ice formation [9] . Thus, exposure to a CPA must be gradual in order to minimize cell volume fluctuations, and the duration of exposure to a CPA needs to be limited in order to minimize its toxicity [10] . Withdrawal of a CPA can also be damaging if it results in cell volume increases sufficiently large to cause membrane damage or cell lysis [11, 12] .
Cryopreservation leads to the generation of reactive oxygen species (ROS), which impair postthaw motility, viability, intracellular enzymatic activity, fertility, and other sperm parameters [13, 14] . Oxidative stress can be assessed through the direct quantification of ROS and antioxidants or by measurement of oxidative stress end products [15] . A high level of ROS may lead to protein oxidation, which subsequently brings about the production of carbonyl proteins (CPs). Consequently, determination of carbonyl content in proteins can be used as a biomarker of oxidative damage [16] . The antioxidant enzymes superoxide dismutase (SOD), glutathione reductase (GR), and glutathione peroxidase (GPx) have been described as comprising a defense system against oxidative stress in the spermatozoa of mammals, important in maintaining spermatozoa motility and viability [17, 18] . Reactive oxygen species associated with cryopreservation damage have been characterized in mammal spermatozoa [14, 19] . However, in fish there is a lack of information regarding the effects of commonly used extenders, such as DMSO and EG, on sperm function, lipid peroxidation (LPO), and antioxidant activity. The improvement of sperm cryopreservation technologies requires through knowledge of the effects of the chosen extender.
The aim of this study was to examine cryopreservation procedures with respect to osmotic and oxidative stress in common carp spermatozoa. Spermatozoa motility, membrane integrity, and oxidative stress indicators were measured in unfrozen sperm and after freeze/thaw processes.
MATERIALS AND METHODS

Brood Stock Handling and Collection of Gametes
Common carps were reared at the experimental station of the Research Institute of Fish Culture and Hydrobiology, University of South Bohemia, Vodnany, Czech Republic. Experiments were carried out in accordance with the European Communities Council Directive (86/609/EEC) and were approved by a local ethics committee. Prior to experimentation, five 3-yr-old male common carp were stocked separately in 4-m 3 hatchery tanks with a water flow rate of 0.2 L/sec, temperature of 188C-228C, and O 2 of 6-7 mg/L. Fish were injected with carp pituitary extract at 1 mg/kg, 24 h before stripping. Sperm was obtained by abdominal massage and collected directly into 20-ml plastic syringes. Special care was taken to avoid contamination by urine, mucus, feces, or water. Samples were stored on ice until processing. Spermatozoa concentrations were counted at 2003 magnification (Olympus BX 41) using a Burker cell hemocytometer.
Experimental Groups
Functional parameters of cryopreserved sperm, including spermatozoa motility and velocity, and membrane integrity, as well as oxidative stress indicators and antioxidant indices, were investigated. The experimental groups were: SB (control): Sperm was diluted 1:1 (v/v) with saline buffer (SB) to keep fresh spermatozoa immotile. The SB (;430 mOsm/kg) was 200 mM KCl and 30 mM Tris (pH 8.0). DMSO: Sperm was diluted 1:1 (v/v) with DMSO extender (;2050 mOsm/ kg) composed of 360 mg of NaCl, 1000 mg of KCl, 22 mg of CaCl 2 , 8 mg of MgCl 2 , and 20 mg of NaHCO 3 in 89 ml of distilled water and 11 ml of DMSO to a final volume of 100 ml [20] . Samples were placed on ice and subjected to one of three treatment periods: 0, 15, or 30 min. EG: Sperm was diluted 1:1 (v/v) with EG extender (;2810 mOsm/kg): 59 mM NaCl, 6.3 mM KCl, 0.68 mM CaCl 2 , 1.2 mM MgCl 2 , 27 mM NaHCO 3 , 3.4 mM sucrose, 69 mM D-mannitol, 118 mM Tris-HCl (pH 8.1), and 16% (v/v) EG [21] . Samples were placed on ice and subjected to one of three treatment periods: 0, 15, or 30 min. DMSO-CRYO and EG-CRYO: Sperm was diluted 1:1 (v/v) with DMSO (DMSO-CRYO) and EG extenders (EG-CRYO). The diluted samples were equilibrated on ice for 15 min, then loaded into 0.5-ml plastic straws and kept in liquid nitrogen vapor by floating on a Styrofoam tray (3-cm thickness) on liquid nitrogen for 20 min. Subsequently, straws were plunged directly into liquid nitrogen. After 2 wk, sperm was thawed by immersing straws in a 408C water bath for 6 sec.
Spermatozoa Motility and Membrane Integrity Assessment
Percent motile spermatozoa (%) and spermatozoa velocity (lm/sec) were determined after triggering motility under darkfield microscopy (Olympus BX 50; 203 objective magnification). For triggering, sperm was diluted in activation medium (45 mM NaCl, 5 mM KCl, and 30 mM Tris-HCl [pH 8.2]) at 1:5000 for all groups. Following equilibration on ice for 30 min, spermatozoa in groups DMSO and EG were additionally triggered by SB at 1:5000. To avoid sperm sticking to the microscope slide, 0.25% (w/v) Pluronic (Sigma-Aldrich) was added to the swimming solution. Spermatozoa motility was recorded with a CCD video camera (Sony DXC-970MD) mounted on the microscope. The positions of the heads were measured in five successive frames using a video recorder (Sony SVHS, SVO-9500 MDP) and analyzed with a micro image analyzer (Olympus Micro Image 4.0.1 for Windows). Analysis of spermatozoa motility was done in triplicate for each sample.
Spermatozoa membrane integrity in DMSO and EG groups during the equilibration period of 30 min, as well as in the DMSO-CRYO and EG-CRYO groups, was determined using the Live/Dead Sperm Viability kit (L-7011; Molecular Probes). The recommended staining protocol as described by Flajshans et al. [22] was followed with modifications. In brief, the sperm samples from all groups were first diluted with SB into a suspension containing 5 3 10 6 cells/ml; subsequently, 0.2 ll of SYBR 14 dye and 5 ll of propidium iodide were added to 1 ml of sperm suspension. After incubation in the dark for 5 min, the results of staining were observed with a fluorescence microscope (Olympus BX50) and analyzed with a micro image analyzer (Olympus Micro Image 4.0.1 for Windows).
Oxidative Stress and Antioxidant Indices Analyses
Sperm samples from all groups were centrifuged at 5000 3 g at 48C for 10 min. The supernatants were carefully collected and discarded. The spermatozoa pellet was diluted with S buffer to obtain a spermatozoa concentration of 5 3 10 8 cells/ml, then homogenized in an ice bath using a Sonopuls HD 2070 ultrasonicator (Bandelin Electronic, Berlin, Germany). The homogenate was divided into two: one part for measuring TBARS and CP, and a second part that was centrifuged at 12 000 3 g for 30 min at 48C to obtain the postmitochondrial supernatant for the antioxidant enzyme activity assay.
The TBARS method described by Lushchak et al. [23] was used to evaluate sperm LPO. Its concentration was calculated by absorption at 535 nm and a molar extinction coefficient of 156 mM/cm, expressed as nanomoles per 10 8 cells. Carbonyl derivatives of proteins were detected by reaction with 2,4-dinitrophenylhydrazine according to the method described by Lenz et al. [24] . The amount of CP was measured spectrophotometrically at 370 nm using a molar extinction coefficient of 22 mM/cm, expressed as nanomoles per 10 8 cells.
Total SOD activity was determined by the method of Marklund and Marklund [25] and was assessed spectrophotometrically at 420 nm. Glutathione reductase activity was determined spectrophotometrically, measuring NADPH oxidation at 340 nm [26] . Glutathione peroxidase activity was assayed from the rate of NADPH oxidation by the coupled reaction with GR determined spectrophotometrically at 340 nm. The specific activity for all assays was determined using the extinction coefficient of 6.22 mM/cm [27] . One unit of SOD, GR, or GPx activity is defined as the amount of the enzyme that consumes 1 lmol of substrate or generates 1 lmol of product per minute. Activity was expressed in mU per 10 8 cells. 
EFFECTS OF CRYOPRESERVATION ON FISH SPERM
Statistical Analysis
All values were expressed as means 6 SD and analyzed by SPSS for Windows 13.0 software. One-way ANOVA with Tukey test was used to determine whether results of treatments were significantly different from the control group (P , 0.05).
RESULTS
Spermatozoa Motility
Spermatozoa motility for all groups is given in Figure 1 . In the DMSO group, the percent motile spermatozoa and their velocity significantly decreased with increasing equilibration time (Fig. 1) . In the DMSO-CRYO and EG-CRYO groups, both percent motile spermatozoa and their velocity were significantly lower in comparison with group SB, with no observable difference between group DMSO-CRYO and EG-CRYO (Fig. 1) .
Moreover, the tip of the flagellum in the DMSO group spermatozoa was observed to become curled into a loop shape, shortening the flagellum, after activation. This phenomenon was not noted in other groups (Figs. 2 and 3) .
In the EG group, differences from group SB in spermatozoa motility and velocity were nonsignificant. Motility of sperma- 854 tozoa in DMSO group was activated by SB, with a motility of 83.72% 6 7.07% and velocity of 86.74 6 7.07 lm/sec at 15 sec after activation, but SB did not initiate spermatozoa motility in the EG group (Fig. 4) .
Spermatozoa Membrane Integrity
In groups DMSO-CRYO and EG-CRYO, spermatozoa membrane integrity was significantly decreased with cryopreservation compared with controls, whereas no significant difference from group SB was seen in the percentage of spermatozoa in DMSO and EG groups with intact membranes (Fig. 5) .
Oxidative Stress Indices
No significant differences from group SB were observed for levels of TBARS and CP in DMSO and EG groups, whereas significantly higher levels of both oxidative products were found in groups DMSO-CRYO and EG-CRYO. The levels of TBARS and CP in spermatozoa of all groups are summarized in Fig. 6, A and B , respectively.
Antioxidant Responses
No significant differences from controls were found for SOD activity in any experimental group (Fig. 7A) . Glutathione reductase activity in group DMSO was significantly lower than that of controls during the equilibration period (Fig. 7B) . In the EG group, significantly lower GR activity was observed only after 30 min. The GR activity in the DMSO-CRYO group was strongly inhibited in comparison with the SB group, whereas no significant differences were found with group EG-CRYO. The GPx activity was significantly higher than controls in group DMSO immediately after exposure, but there was no significant difference for GPx activity in group EG during the equilibration period (Fig. 7C) . Compared with controls, GPx activity in both DMSO-CRYO and EG-CRYO groups was significantly induced, especially for EG-CRYO.
DISCUSSION
As a first step toward understanding of how cryopreservation induces osmotic and oxidative stress, two commonly used extenders for cryopreservation of fish spermatozoa (DMSO and EG extenders) were evaluated. We found that spermatozoa membrane integrity was not influenced by equilibration time, but spermatozoa motility (percentage and velocity) from sperm equilibrated in DMSO extender significantly decreased and was negatively correlated with equilibration time. Garzón et al. [10] and Asturiano et al. [28] also found that additional DMSO in the extender induces morphometric changes during incubation that subsequently influence spermatozoa movement. The response of cells to osmotic pressure during cryopreservation is complex, depending on colligative and permeability properties as well as effects on other membrane parameters and cell viability [29, 30] . Ethylene glycol is widely used for sperm freezing in mammalian species and has shown a high cell permeability [31, 32] . Therefore, we hypothesized that common carp spermatozoa are extremely permeable to EG. Hence, equilibrium can be achieved rapidly without large volume excursions, possibly facilitating cell survival during addition and withdrawal of EG. This was also confirmed by SB triggering motility in spermatozoa exposed to DMSO extender but not in spermatozoa exposed to EG extender. Perchec Poupard et al. [33] showed that DMSO (from 1% to 20% [v/v]) triggered motility following incubation for 3-4 min in media with an osmolality of 400-3200 mOsm/kg. It has also been suggested that DMSO alters the lipid bilayer structure of the spermatozoa membrane. A reorganization of the lipid bilayer structure of the plasma membrane of common carp spermato- zoa is essential in transmembrane signaling [33, 34] . We did not detect spermatozoa movement in DMSO extender during the equilibration period. Compared with DMSO, our data suggest that EG should be considered an optimal CPA for cryopreservation of common carp spermatozoa, although neither motility nor membrane integrity showed significant differences from controls after cryopreservation with DMSO and EG extender.
In mammals the effect of ROS on spermatozoa is well characterized: it may cause lipid peroxidation of spermatozoa membranes; damage of midpiece, axonemal structure, and DNA; malfunctions of capacitation and acrosomal reaction; loss of motility; and infertility [35, 36] . Two independent mechanisms have been shown to be responsible for ROS generation in mammalian spermatozoa. The first involves an enzymatic system located in the spermatozoa membrane that uses NAD(P)H as substrate, and the second involves the mitochondrial electron transport chain, which can induce redox cycle xenobiotics to produce ROS and oxidative damage [37] . Similar to mammalian spermatozoa, fish spermatozoa contain high levels of polyunsaturated fatty acids, which are particularly susceptible to ROS-induced lipid peroxidation [37] . However, the precise mechanism of ROS induction in fish spermatozoa is not known. Lipid peroxidation is one of the primary manifestations of oxidative damage initiated by ROS, and it has been linked to the altered membrane structure and enzyme inactivation. In this study, the increase in LPO (expressed as TBARS levels) was observed in spermatozoa only after thawing, indicating that the ROS generation occurred mainly because of the freeze/thaw process rather than the effect of equilibration. Reactive oxygen species can react directly with protein or react with molecules such as sugars and lipids to generate products that, in turn, react with the proteins. Subsequent alterations in protein conformation can lead to increased aggregation, fragmentation, distortion of secondary and tertiary structure, susceptibility to proteolysis, and diminution of normal function [38] . As with LPO, the freeze/ thaw process can lead to oxidative stress in spermatozoa through excessive generation of CP.
The antioxidant systems in mammalian sperm have been well studied [39, 40] ; however, little knowledge is available about them in fish sperm [41] . We measured three antioxidant enzyme activities in spermatozoa: SOD, GR, and GPx. The antioxidant enzyme SOD accelerates the dismutation of the superoxide anion into hydrogen peroxide [42, 43] . Glutathione peroxidase, a selenium-containing antioxidant enzyme, removes peroxyl radicals from various peroxides, including H 2 O 2 , whereas GR regenerates reduced glutathione from its oxidative form [36] . Superoxide dismutase is an important component of the enzymatic antioxidant system in mammalian spermatozoa [44, 45] . Increased SOD activity in the spermatozoa has been reported following cryopreservation as a result of altered membrane integrity [46] . In this study, SOD activity was not activated or inhibited by either CPA or the freeze/thaw process, indicating that the antioxidant defense system in spermatozoa is species specific. However, GR activity was chiefly inhibited by DMSO extender rather than by freezing and thawing, because the GR activity after cryopreservation was similar to that of spermatozoa incubated for 15 and 30 min. Inhibition of GR activity was only observed in spermatozoa incubated in EG extender for 30 min. In this instance, the GR activity was mainly influenced by CPA effects, and DMSO was more effective than EG. In contrast to GR, GPx activity was activated in the groups that were incubated in DMSO extender without freezing, as well as following freezing and thawing with both DMSO and EG extender. Therefore, it is suggested that GPx provided the most effective protection against cold shock and oxidative damages during the 856 cryopreservation process. Moreover, the differences in GR and GPx activity in spermatozoa after cryopreservation with DMSO and EG extender indicated that DMSO induced more oxidative stress than did EG, which may subsequently influence the fertilizing ability of the spermatozoa.
The results of this study provide new information about effects on osmotic stress of DMSO and EG in common carp spermatozoa, as well as the oxidative damage induced by CPA equilibration and freeze/thaw processes. The results, together with reports of mammal studies, confirmed that the rapid removal of DMSO from spermatozoa resulted in a marked decline in spermatozoa motility, whereas EG was associated with less osmotic damage subsequent to rapid removal. Both CPA effect and the freeze/thaw process can induce oxidative stress in spermatozoa, and DMSO showed more adverse effects than EG with respect to GR and GPx activity. In addition, the antioxidant response of spermatozoa is mainly due to the capacity of GPx to counteract ROS stress of spermatozoa and minimize cryopreservation damages. All data suggest that an alternative CPA, such as EG, should be considered for carp spermatozoa, and that more research is required to gain a better understanding of osmotic and oxidative stress before it is applied to cryopreservation of fish sperm on a large scale.
